Single-walled carbon nanotubes (SWCNTs) functionalized with short single-stranded DNA have been extensively studied within the last decade for biomedical applications due to the high dispersion efficiency and intrinsic biocompatibility of DNA as well as the photostable and tunable fluorescence of SWCNTs. Characterization of their physical properties, particularly their length distribution, is of great importance regarding their application as a bioengineered research tool and clinical diagnostic agent. Conventionally, atomic force microscopy (AFM) has been used to quantify the length of DNA-SWCNTs by depositing the hybrids onto an electrostatically charged flat surface. Here, we demonstrate that hybrids of DNA-SWCNTs with different oligomeric DNA sequences ((GT)6 and (GT)30) differentially deposit on the AFM substrate, resulting in significant 2 inaccuracies in the reported length distributions of the parent solutions. Using a solution-based surfactant exchange technique, we placed both samples into a common surfactant wrapping and found identical SWCNT length distributions upon surface deposition. Additionally, by spincoating the surfactant wrapped SWCNTs onto a substrate, thus mitigating effects of electrostatic interactions, we found length distributions that did not depend on DNA sequence but were significantly longer than electrostatic deposition methods, illuminating the inherent bias of the surface deposition method. Quantifying the coverage of DNA molecules on each SWCNT through both absorbance spectroscopy and direct observation, we found that the density of DNA per SWCNT was significantly higher in short (GT)6-SWCNTs (length < 100 nm) compared to long (GT)6-SWCNTs (length > 100 nm). In contrast, we found no dependence of the DNA density on SWCNT length in (GT)30-SWCNT hybrids. Thus, we attribute differences in the observed length distributions of DNA-SWCNTs to variations in electrostatic repulsion induced by sequencedependent DNA density.
Introduction
Single-walled carbon nanotubes (SWCNTs) with engineered wrappings [1] [2] [3] [4] have recently been developed and utilized in various disparate fields ranging from additives that strengthen material composites [5] [6] [7] [8] to biomedical applications including targeted anti-cancer drug delivery [9] [10] [11] , nearinfrared (NIR) optical biosensing, [12] [13] [14] and biological imaging. [15] [16] [17] [18] Of significant interest, SWCNTs exhibit intrinsic photoluminescence (fluorescence) that is photostable, tunable, and sensitive to its local environment. [19] [20] Unfortunately, covalent functionalization is known to negatively affect SWCNT electrical and optical properties, 21 thus, alternative non-covalent methods are preferred. Certain amphiphilic biomolecules such as DNA, 4, 14, 22 peptides, [23] [24] proteins, [25] [26] or lipids, [27] [28] have been shown to effectively solubilize SWCNTs, in addition to imparting enhanced biocompatibility and preserving their desirable fluorescence by noncovalently adsorbing onto the aromatic sidewall of the SWCNT. 29 Having both hydrophobic bases and a hydrophilic backbone, single-stranded DNA has been demonstrated to non-covalently attach to the outside of the SWCNTs by hydrophobic and π-π stacking interactions and act as a highly-effective dispersant for SWCNTs. 4 This dispersion process generally involves probe-tip sonication to impart enough energy in order to break up initially bundled SWCNTs 29 with the off-target effect of cutting the SWCNTs to random lengths. 30 Both empirical studies [31] [32] and molecular dynamics simulations 33 have shown that DNA helically wraps the SWCNTs in aqueous solution, and further that this structure is preserved when the DNA-SWCNT hybrid is dried onto a surface. 34 Interestingly, while longer oligonucleotides have a stronger binding affinity to SWCNTs, as probed through absorption spectroscopy, atomic force microscopy, nanoparticle fluorescence spectroscopy and molecular dynamics simulations, certain short sequences of DNA recognize specific chiralities of SWCNTs and permit their separation from an ensemble solution. 35 There have been many recent studies demonstrating the utilization of DNA-SWCNT hybrids in biomedical applications. 12-14, 28, 36-38 Critical to their adoption as a standard biological research tool is a thorough characterization of their physical properties, namely their length distribution. The length of a SWCNT directly correlates to its photoluminescence (fluorescence) intensity. 39 For biological imaging and sensing applications, quantitative measurements rely on accurate determinations of the SWCNT length. For example, DNA-wrapped SWCNTs have recently been introduced as intracellular sensors of lipid accumulation both in live cells 13 and in mice. 40 In the development of these and other types of SWCNT-based sensors, accurate length determinations of SWCNTs provide the most precise quantification of targeted analytes. Further, the toxicological response of SWCNTs can be more accurately predicted given knowledge of their average length and length distribution.
41-42
The conventional method for determining the length distribution of a population of DNASWCNTs is to deposit the hybrids onto an atomically flat surface, e.g. freshly cleaved mica, and image them with atomic force microscopy (AFM) techniques. 4 However, it is unknown whether this adsorbed fraction of DNA-SWCNTs is representative of the entire solution sample. A search of the literature has uncovered ~20 publications within the last decade that have used this particular approach for length determination. 4, 34, 41, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] Herein, we demonstrate that the apparent length distribution of DNA-SWCNTs, as determined by conventional AFM imaging techniques, is highly dependent upon the sequence of DNA that is used to wrap the SWCNTs. In particular, under identical sample preparation conditions, oligomeric DNA with two different sequence lengths, (GT)6 and (GT)30, gave apparent length distributions of 150 ± 8 and 67 ± 7 nm, respectively. By transferring the hybrids into a common wrapping through the use of sodium deoxycholate (SDC)-induced DNA displacement, we show that the length distributions of the two samples converge to a statistically identical value. Spin-coating of these samples onto a substrate, thereby reducing the electrostatic interactions between the SWCNTs and the substrate, gave length distributions that did not depend on DNA sequence, but were longer than electrostatically deposited samples.
Furthermore, by quantifying the number of DNA sequences on the individual SWCNTs, we found that shorter (GT)6-SWCNTs (length < 100 nm) displayed significantly higher densities of DNA than any other sub-population of examined DNA-SWCNTs. Finally, we quantified the exact weights of DNA and SWCNT in each sample with absorbance spectroscopy and propose a model to explain the differential rates of binding to the AFM imaging surface that depend on SWCNT length and DNA loading.
Results and Discussion
Singly-dispersed hybrids of SWCNTs and single-stranded (GT)6, i.e. GTGTGTGTGTGT, or ss(GT)30 were prepared by previously reported sonication and ultracentrifugation techniques. 20 In order to determine the length distribution of each sample, a solution of DNA-SWCNTs was exposed to an ultra-flat surface (freshly-cleaved mica) for 4 minutes (herein referred to as "deposited"), the surface was washed, and then imaged with an atomic force microscope. respectively. From initial inspection of the images, it is clear that the length distribution of deposited SWCNTs was larger in the (GT)6 sample than that of (GT)30. To quantify the difference, manual counting of the SWCNT lengths was performed on ~1600 SWCNTs from each sample.
The derived length distributions are presented in Figures 1c and S1a and confirm that the distribution for (GT)6-SWCNTs was shifted to longer SWCNT lengths compared to that of the (GT)30-SWCNT distribution. Furthermore, the average SWCNT lengths from each of four AFM images per sample, each image containing ~400 SWCNTs, were compared. These data are presented in Figure 1d and show that the average length of deposited (GT)6-SWCNTs and (GT)30-SWCNTs were 150 ± 8 and 67 ± 7, respectively ( Figure S2a shows the data from four images combined together). This difference demonstrates that deposited (GT)6-SWCNTs were significantly longer (two-sample t-test, p < 0.001) than deposited (GT)30-SWCNTs. The previous result regarding apparent length distributions of DNA-SWCNTs that depended upon DNA sequence gave rise to one of two hypotheses: 1) the two samples were intrinsically different and that the length distributions of deposited DNA-SWCNTs were representative of the parent solutions or 2) the differing DNA sequences introduced an artifact in the binding process leading to length distributions that differed from the parent solutions. To identify the cause of the sequence-dependent difference in apparent lengths, we used a solution-based surfactant exchange technique that displaced the DNA from the two samples and placed them both into a common surfactant wrapping. 20 Similar to the DNA-SWCNT samples, the two DNA-displaced SDC-SWCNT samples, denoted as (GT)6 to SDC and (GT)30 to SDC, were deposited onto mica and imaged with AFM (Figure 2a,b) . The displacement of DNA by SDC is confirmed both by blueshifts in the near-infrared absorbance peaks of the SWCNTs 35 ( Figure S3 ) and by the irregular pattern of SDC molecules on the SWCNTs in contrast to the regular pattern (helical wrapping) of DNA on the SWCNTs. 34 Despite an increased background height, presumably due to excess surfactant bound to the mica, it is visually evident that the two samples had similar distributions The number of turns made by a single DNA around a single SWCNT can be calculated by assuming that rolling a rectangle, so that its diagonal (of length l) makes exactly one helical turn, forms a cylinder which can be wrapped with one helical turn of DNA. The length of the diagonal (l) can be calculated from Pythagorean Theorem 34 : l = #h % + (πd) % , where h is the average peak to peak distance quantified from high resolution AFM images ( Figure S5a,b) and d is the average diameter of HiPco SWCNTs (1.1 nm). 59 The total length of the stretched DNA molecule (L) is number of its turns around the SWCNT (n) times l ( L = nl). "L" is calculated by assuming a distance of 0.7 nm between phosphorus atoms on the DNA backbone (L is 8.4 nm for a 12 mer). 34 Thus, the number of the turns made by a single DNA around a single SWCNT was calculated to be 0.6 and 2.8 for (GT)6-SWCNTs and (GT)30-SWCNTs, respectively. These numbers imply that the (GT)6 strand is not long enough to have a complete turn and shows up as a single peak in the height profiles whereas (GT)30 makes two complete turns and one partial turn around the SWCNTs, and appears as three peaks per each molecule in the height profiles. To confirm this finding of differential DNA coverage from the AFM images, we quantified the actual weights of DNA and SWCNTs in aqueous samples using absorbance spectroscopy and the previously utilized surfactant exchange method. Using extinction coefficients for DNA and SWCNTs at 260 nm 60 and 910 nm, 61 respectively, the absolute weights were determined and the weight ratios of DNA to SWCNT are reported in Figure 5 . This ratio in (GT)6-SWCNT sample is significantly higher than that of (GT)30-SWCNT, confirming the finding from comparing the N/L of the two samples.
Figure 5.
The ratio of the total weight of wrapped DNA to weight of SWCNTs in solutions of (GT)6-SWCNT and (GT)30-SWCNT. Mean values were obtained from n=3 measurements per sample. Two-sample t-tests were performed on the data (**, p<0.01).
Upon closer inspection of the scatterplots found in Figure 4a , we detect distinct subpopulations in the data. By dividing the data into two populations distinguished by the length of the SWCNTs, e.g. SWCNTs greater than or less than 100 nm, respectively, we uncovered significant differences in the density of DNA per SWCNT ( Figure 6 ). While we found no dependence of the N/L ratios on SWCNT length in (GT)30-SWCNT hybrids, we observed that (GT)6-SWCNTs with lengths less than 100 nm have an average of 27 % higher DNA density (p < 0.01). Figure 6 . N/L ratios for two subgroups distinguished by the length of the SWCNTs (Length < 100 nm and Length > 100 nm) for (GT)6-SWCNTs and (GT)30-SWCNTs.
We believe that this result endorses the DNA sequence-dependent discrepancies of length distributions in deposited DNA-SWCNTs due to the following mechanism: with permanent negative charges at neutral pH, non-covalent complexation of DNA with SWCNTs results in a negatively charged hybrid with charge density that scales with DNA density (N/L ratio). As a result, the electrostatic repulsion between the negatively charged AFM substrate (mica) and shorter (GT)6-SWCNTs (length < 100 nm) in water is significantly larger than that of the substrate and longer (GT)6-SWCNTs (length > 100 nm). The longer (GT)6-SWCNTs subsequently bind to the AFM substrate at a faster rate compared to shorter (GT)6-SWCNTs within the limited time interval (5 minutes) allowed for binding. In contrast, since the DNA densities in (GT)30-SWCNTs do not depend on the SWCNT length, the electrostatic repulsion between short and long (GT)30-SWCNTs and the AFM substrate will be similar. Here, we propose that the shorter (GT)30-SWCNTs will bind to the AFM substrate with a faster rate due to their intrinsically higher diffusion coefficients.
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A schematic illustrating this differential binding process is presented in Figure 7 . We emphasize the difference between DNA density on SWCNT, and the number of the turns of each DNA molecule around SWCNT. 
Conclusions
In this study, we have shown that hybrids of DNA and SWCNTs will differentially bind to a conventional AFM imaging substrate (freshly-cleaved mica) in a manner that significantly depends upon the sequence of DNA. By displacing the DNA from the SWCNTs, we have shown that the length distributions of the resulting surfactant-coated SWCNTs are statistically identical. Spincoating of these DNA-displaced samples results in larger length distributions that still do not depend on DNA sequence. Therefore, we surmise that the DNA mediates the interactions between the DNA-SWCNT hybrids and the imaging substrate. By quantifying the weight and coverage of DNA molecules on each SWCNT, we find that (GT)6 binds with a higher density to shorter SWCNTs and that this difference between DNA sequences can explain the observed discrepancies in apparent length distributions of the surface-bound samples. Finally, we propose that for accurate length determinations of SWCNT samples through AFM measurements, DNA-SWCNTs should be transferred to a surfactant wrapping prior to surface adsorption through a spin-coating method.
Materials and Methods

DNA-SWCNT Sample Preparation:
Single-walled carbon nanotubes produced by the HiPco process (Nanointegris) were used throughout the study. For each dispersion, 1 mg of raw nanotubes was added to 2 mg of desalted (GT)n (n = 6 or 30) oligonucleotide (Integrated DNA Technologies) in a microcentrifuge tube with 1 mL of 100 mM NaCl (Sigma-Aldrich). The mixtures were then ultrasonicated using a 1/8" tapered microtip (Sonics Vibracell; Sonics & Materials) for 30 min at 40% amplitude, with an average power output of 8 W, in a 0 °C temperature-controlled microcentrifuge tube holder. After sonication, the dispersion was ultracentrifuged (Sorvall Discovery M120 SE) for 30 min at 250,000 xg, and the top 80% of the supernatant was extracted. The concentration was determined with a UV/vis/NIR spectrophotometer (Jasco, Tokyo, Japan), using the extinction coefficient of A910 = 0.02554 38, [61] [62] L.mg −1 .cm −1 . The free DNA was removed using 100 kDa Amicon centrifuge filters (Millipore).
For each sample, filtration was repeated 4 times and the pellet was resuspended in 100 mM NaCl in each step. The resultant suspensions were used for concentration measurement and diluted in 100 mM NaCl to reach the final DNA-SWCNT concentration of 20 mg/L and used for further AFM imaging and DNA quantification.
Surfactant Displacement of DNA:
The resultant filtered suspensions of DNA-SWCNTs were diluted in 100 mM NaCl+0.1 wt% SDC to give the final DNA-SWCNT concentration of 20 mg/L.
These mixtures were kept at 85 °C for 30 min to displace the DNA with SDC. 35 The displaced DNA and free SDC were separated from SDC-SWCNTs using 100 kDa Amicon centrifuge filters (one-time filtration). The DNA-displaced SDC-SWCNTs pellet was resuspended in 100 mM NaCl to reach the final concentration of 20 mg/L, and the final suspension was used for AFM imaging.
Quantification of DNA:
To quantify the amount of DNA on the SWCNTs, the mixture of the displaced DNA and free SDC (i.e. the flow-through from the previous 100 kDa filtration) was filtered two times using a 3 kDa Amicon centrifuge filter to separate the DNA from SDC. The DNA remained in the filter and was resuspended in 100 mM NaCl. The weights of the DNA and SWCNTs (i.e. the weight of DNA-displaced SDC-SWCNTs from the previous step) were calculated by the extinction coefficients of A260=0.027 60 
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